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ABSTRACT 
Most granular flows at environmental conditions are 
unsteady and exhibit a complex physical behavior. Dune 
formation and migration in the desert are controlled not only by 
the flow of saltating particles over the sand bed, but also by 
turbulent atmospheric airflow. In fact, sediments are 
transported by the atmospheric airflow within a thin layer only 
a few centimeters above the sandy surface. These jumping 
particles reach a maximum sediment mass flux level at a certain 
delay time (known as the “saturation time”) after the initial 
movement by sliding and rolling begins. Unlike sediment 
transport in water where the particles are lifted by the turbulent 
suspension, the saltating particles are kept alive in the layer 
mainly due to particle-particle and particle-bed collisions. In 
order to model this Aeolian transport of sand, Jenkins and 
Pasini [1] proposed a two-fluid model (one-dimensional and 
steady state) using Granular Kinetic Theory (GKT) to describe 
the solid-phase stress. The present work extends the original 
idea of Jenkins and Pasini [1] by using a more robust model of 
GKT for the kinetic/collisional contributions to the solid-phase 
stress tensor, together with a friction model activated for 
sustained contacts between particles. In addition, a standard k-ε 
turbulence model for the air and a drag model for the 
interaction between the phases are employed. A rectangular 2D 
geometry was chosen with a logarithmic profile for the inlet air 
velocity, along with an initial amount of sand at rest in the 
lower part of the simulation domain, resembling the particle 
saltating flow commonly seen in the vertical middle plane 
within saltation wind tunnels. This model is validated with 
experimental data from Liu and Dong [2] and the results given 
by Pasini and Jenkins [1]. A good estimation for the particle 
erosion and mass flux in the saltation layer is predicted, even 
though the profiles of mass flux and concentration within the 
transport layer are very thin and lower. 
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INTRODUCTION 
Computational Fluid Dynamics (CFD) has recently 
impacted many fields of research (e.g atmospheric flow, 
microfluidics, etc.) where before it was unthinkable mainly due 
to the problems associated to the wide range in length and time 
scales, as well as the great computational effort necessary to 
obtain reliable results. Saltating flows are a type of multiphase 
flow where CFD can now have a great impact. The flow of 
sediment in the saltating layer is a composite of two phases. Air 
is the continuum phase or primary phase and sand is the 
dispersed phase. When the sand particles are considered as an 
immiscible “fluid”, it is possible to use theories developed for 
two-phase flow. In this case, the dispersed phase of particles 
and the fluid phase are interpenetrating continua. Recently, the 
saltation layer has been modeled with mixture models [3,4] 
neglecting the collisional effects intrinsic to the motion of the 
particles and the coupling of the particle interactions with the 
air stream. However, a complete description of sediment 
transport should consider the three regions present in the 
phenomenon and the interactions between the regions.  The 
regions are as follows:  1) a bottom region where the particles 
are at rest (sand bed); 2) a region above the sand bed where the 
particles are jumping (saltating layer); and 3) a top region 
where there is only air. Therefore, the mixture model is 
inadequate, because it does not permit a description of the 
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prevailing stratification. Multi-Eulerian models enable the 
simulation of the three co-existing regions and consider the 
movement of the cloud of particles with equations that are 
separate from the gas equations. This approach involves 
incorporating a description for the solid-phase stress 
tensorusing the Granular Kinetic Theory (GKT). The present 
work introduces a numerical model for predicting the flow of 
sand particles in a saltating state over a sand bed using an 
Eulerian model for both phases. The gas phase turbulence 
closure model is the standard k-ε model, and the solid-phase 
stress is described using GKT, with a frictional model which is 
applied for sustained particle contacts. The mathematical 
model is implemented in the commercial code ANSYS-Fluent 
and computed results are compared with experimental data 
given by [2] and the model predictions given by [1] 
 
NOMENCLATURE 
Δx x-mesh spacing, m 
Δy  y-mesh spacing, m 
ds Particle diameter, m 
a Particle radius, m 
e Particle coefficient of restitution 
Fr  Empirical material constant, Pa 
g Gravitational constant, m⋅s-2 
go Radial distribution function 
l length for the averaging process, m 
L shortest significant macroscopic length, m 
Lx  Domain horizontal dimension, m 
Ly  Domain vertical dimension, m 
n Empirical constant in frictional pressure equation 
P Empirical constant in frictional pressure equation 
p Pressure, Pa 
ps Solid pressure or Granular pressure, Pa 
R Characteristic length-scale, m 
Re Reynolds number 
T Time, s 
u* Friction velocity 
U∞  Free air stream, m⋅s-1 
Ug  Air velocity profile, m⋅s-1 
v  Velocity vector, m⋅s-1 
Vr: Ratio of terminal velocity of a group of particles to that 
of an isolated particle 
V ratio between the friction velocity and threshold velocity 
x: Position vector, m 
x: Horizontal coordinate  
y: Vertical coordinate  
Greek symbol 
α Volume fraction 
β Interphase drag coefficient, kg⋅m3⋅s-1 
φ Angle of internal friction 
γs Dissipation of granular energy, kg⋅m-3⋅s-1 
κs Conductivity of granular energy kg⋅m-1⋅s-1 
λs Solid bulk viscosity, Pa⋅s 
λmfp Mean free path, m 
μ  Viscosity, Pa⋅s 
μt Turbulent viscosity Pa⋅s 
ρ Density, kg⋅m3 
δsal Saltation layer thickness, m 
δBL Boundary layer thickness, m 
δy Initial thickness of sand at rest, m 
τ  Stress tensor N⋅m-2  
θ Shield parameter 
Θ Granular temperature, m2⋅s-2 
Subscripts 
fri Frictional 
g Gas phase (air) 
s Solid phase (sand) 
p Particle  
kin Kinetic 
col Collisional 
sal Saltation 
AEOLIAN SALTATION CLOUD MODELS 
The Aeolian process begins when the aerodynamic force 
(i.e. drag) dislodges a few grains, which roll and slide over the 
sand bed until they enter into saltation. The entrained grains are 
accelerated by the wind along their trajectory mainly by the 
drag force before they once again impact the bed. The particles 
which impact the bed probably rebound or dislodge other 
particles, creating a grain chain reaction. The interaction 
between an impacting grain and the bed is called the “splash 
process” and this is modeled by the splash function [5] derived 
statistically from the visualization of particle collisions in 
experiments [6, 7]. The traveling grains extract momentum 
from the air and, consequently, the air decelerates and the 
process of direct aerodynamic entrainment ceases. This 
negative feedback mechanism reaches equilibrium in the 
saturation time, and, then, the grains are kept alive in the 
saltation state only by their collisions with the sand bed. The 
rate of particle transport becomes constant when equilibrium is 
reached. The statistical models are based on the four sub-
processes previously described: aerodynamics entrainment, the 
grain trajectory, the grain/collision, and the wind velocity 
modification. A common feature of all the models is that they 
consider saltating flow in a free condition of movement without 
any restrictions or obstacles. This premise makes the statistical 
model useless for the prediction of the patterns of erosion 
and/or deposition around solid objects caused by the grain-wall 
interaction. 
CFD MODELS AND GRANULAR KINETIC THEORY 
Currently, a CFD methodology for the appropriate 
treatment of the sediment transport by Aeolian Saltation does 
not exist. Recently, Ji, et al. [3] and Alharaf [4] proposed 
interesting models to simulate the large-scale Aeolian sediment 
transport, without considering in detail the fluid/particle 
interaction and without taking into account the collisional 
interaction between particles as a fundamental parameter in 
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their considerations. In both works, they used a homogenous 
model with a single set of equations, and the disperse phase 
was modeled with a slip velocity based on a drag function. 
Although, the effect of particles on the wind profile is weak, 
the air velocity profile within the Saltation layer is modified by 
the momentum transfer between the two phases. Therefore, in 
order to consider the mixture model, it would involve knowing 
priori the concentration profile, velocity profile and other 
characteristics of the mixture, that are commonly unavailable. 
Therefore, although these previous works present significant 
advantages in the use of CFD to simulate the Saltation layer, 
they do not take into account some fundamental aspects present 
in the flow. Ji, et al. [3] utilized the logarithmic and total 
entrained particle flux profiles observed in experiments in order 
to include functional relationships into his model. Meanwhile, 
Alraraf [4] focused his work on an algorithm for treating a 
moving boundary (erosion-deposition) based on handling an 
artificial computational domain.  
On the other hand, there is some uncertainty about the 
particle suspension mechanisms present in sheet flows (water) 
and saltating flows (air), while experimental results only offer 
some qualitative characteristics of the two types of flows. 
Jenkins and Hanes [8] implemented, for the first time, a simple 
one-dimensional and steady two-fluid model using Granular 
Kinetic Theory for describing the interaction among particles in 
the sediment transport layer both in water and air. Their results 
showed a qualitative good estimation of the solids erosion, 
which suggests that the Granular Kinetic Theory could be used 
to simulate this phenomenon with success. Jenkins and Pasini 
[1] extended the previous work by adding an extra term in the 
gas momentum equations, originating from a second averaging 
process (given in Hsu et al. [9]) which described an additional 
mechanism of suspension due to turbulence effects together 
with the granular pressure gradient. Furthermore, Jenkins and 
Pasini considered a flow regime between the saltation regime 
and turbulent suspension regime called the collisional regime 
yet, at same time, they recognized that this regime had not yet 
been observed experimentally. Their results gave an 
overestimation of the sand mass flux in comparison with 
experimental results from particles in the Saltation state. 
However, there is enough evidence from quantitative 
experimental results and analyses based on the ratio of the 
particle terminal velocity and the vertical turbulence fluctuation 
velocity [10, 11] demonstrating that in the saltation layer the 
turbulent suspension is negligible. Instead, the particles are 
only kept alive in the saltation layer by bed-particle collisions 
and momentum transfer from the air stream to the particles. In 
any case, the saltation layer represents a dilute regime where 
the maximum volume fraction is around 5.10-4 [2], indicating 
that the particles in saltation contribute only to the kinetic 
contribution to the solids viscosity and not the collisional 
regime like Jenkins and Hanes [8] and Jenkins and Pasini [1] 
suggest. 
MATHEMATICAL MODEL 
Three well-known regions are considered in our 
simulations, according to the solid volume fraction and velocity 
fields. One region corresponds to the sand bed, where the 
solids packing level is high, and the gas and solid velocities are 
equal to zero. This zone cannot move like a fluid, it is a 
completely solid region, which is superficially eroded by the 
wind action. The second region is few centimeters (0.40 m) 
above the sand bed (saltation layer), where particles travel 
quickly, driven by a turbulent shearing airflow. In the third 
region, outside of the saltation layer, there is only air moving 
parallel to the bed. In this work, we proposed an Eulerian 
model (inhomogeneous model) for both phases based on the 
fact that there are three zones with different concentration and 
velocities (similar to a stratified flow). Furthermore, the Stokes 
number for the Saltation layer condition is estimated to be 
greater than 1. 
Researchers agree on the governing equations originally 
proposed by Anderson and Jackson [12] and later on, by 
Jackson [13], for the description of the gas-solid flow using an 
Eulerian approach. However, van Wachen et al. [14] affirm that 
the difference with the Ishii [15] equations set is negligible on 
an engineering scale. We have adopted the Ishii equations 
applied to gas-solid flow by Enwald et al. [16]. These 
equations assume a suspension of identical spherical particles 
in an incompressible flow, where particles are characterized by 
a radius “a”, and “L” is the shortest significant macroscopic 
length-scale related to the particle motion. . For L>>a, the two 
scales separate and we can define a process averaging length-
scale, l, given by the condition:  a << l << L. This means that 
the variables are averaged over a region that is larger than the 
particle size, but smaller than the characteristic system length. 
Table 1 shows the equations used in this simulation. The 
governing equations are expressed in Eqs. (1-7). The closure 
model for the solid phase is based on the Granular Kinetic 
Theory, which comes from an analogy with the gas kinetic 
theory developed by Chapman and Cowling [17]. The main 
idea of this model consists of introducing a granular 
temperature, which is a measure of the energy level of the 
particle velocity fluctuations [18]. Through the solution of the 
granular temperature equation, Eq. (9), it is possible to obtain 
the pressure for the solid phase, Eq. (10), and the entire 
transport coefficient, Eqs. (12-18). Lun et al. [19] derived all 
these expressions considering the inelastic nature of particle 
collisions, the particles as identical spheres of diameter ds, 
composed of a material of density ρs, the interaction between 
particles occurring by instantaneous binary collisions, and the 
granular solid stress tensor resulting from kinetic and 
collisional contributions.  
A constant restitution coefficient is used to take into 
account the energy dissipated by the inelastic particle 
collisions. Equation (19) shows the radial distribution function, 
which can be interpreted as a correction factor that modifies the 
probability of collision when the solid volume fraction is high 
(dense regime). Regarding the solid viscosity, the model has 
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been improved since the first proposal [19]. Gidaspow [20] and 
Syamlal et al. [21] implemented some changes in the original 
equation of Lun et al. [19]; firstly, Gidaspow [20] did not 
account for the inelasticity of the particles in the kinetic 
contribution, and secondly, Syamlal et al. [21] neglected the 
kinetic contribution in the dilute regime. Both equations are 
very similar, except when the solid volume concentration is low 
(dilute regime), where Gidaspow’s equation gives an 
inadequate finite value for the solids viscosity, and Syamlal et 
al.’s equations yield the correct trend in the solids velocity, but 
underestimate it, as the solids fraction approaches zero.  Hrenya 
and Sinclair [22] resolve this problem by starting from the 
equation of Lun et al. [19] and introducing a ratio between the 
mean free path and the characteristic length of the system. 
Hence, Eq. (14) retains two important features: the solid 
viscosity is zero when the solid volume fraction is zero, and the 
solids viscosity is adequately predicted in the dilute regime. 
 
 
 
 
 
Table 1 Governing equations and closure relations for Gas-Solid Flow. 
Fraction volume equation  Solid continuity equation 
1=+ sg αα  (1) ( ) ( ) 0=⋅∇+∂
∂
ssss vt
αρα  (2) 
Gas continuity equation  Solid momentum equations, Enwald et al. [16] 
( ) ( ) 0=⋅∇+∂∂ gggg vt αρα  (3) 
( ) ( )
( ) LiftSgss
sssssssss
Fvvg
ppvvv
t rrrr
rrr
−−++
⋅∇+∇−∇−=⋅∇+∂
∂
s
βρα
ταραρα  (4) 
Gas momentum equations, Ishii [15]  Solid tensor stress 
( ) ( )
( ) Liftsggg
gggggggggg
Fvvg
pvvv
t rrrr
rrr
+−−+
″⋅∇+⋅∇+∇−=⋅∇+∂
∂
βρα
τταραρα  
(5) ( ) Ivvv ssssTsssss rrr ⋅∇⎟⎠⎞⎜⎝⎛ −+∇+∇= μλαματ 32  (6) 
Gas tensor stress  Solid pressure  
( ) Ivvv gggTggggg rrr ⋅∇⎟⎠⎞⎜⎝⎛−∇+∇= μαματ 32 friccolkins ppp (7) = +/  (8) 
Granular temperature equation    
( ) ( ) ( ) ( ) Θ−−Θ∇⋅∇−∇+∇−=⎥⎦⎤⎢⎣⎡ Θ⋅∇+Θ∂∂ βγκτραρα 3:23 SsSsSSSSS vIpvt S r  
Where   2
3
1
sv
r′=Θ        and         ssS vv ′+=r
( )[ ]Θ++= 0/ 121 gep SSScolkin
v  
(9) 
Kinetic/Collisional pressure by Lun et al. [19] Solid viscosity  
αρα  (10) friccolkinsμ μ + μ + μ=  (11) 
Collisional viscosity, Lun et al. [19] Kinetic viscosity, Syamlal [21]  
( ) πραμ
Θ+= egd psscol 15
4
0
2  (12) ( ) ( )( ) ⎥⎦
⎤⎢⎣
⎡ −++−
Θ= 01315
21
36
gee
e
d
s
psS
kin απραμ  (13) 
Kinetic viscosity, Hrenya and Sinclair [22]   
( )( )
( ) ( ) ( )( ) ⎟⎠
⎞⎜⎝
⎛ +−+
Θ+
⎟⎠
⎞⎜⎝
⎛ +−
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+⎟⎠
⎞⎜⎝
⎛ +
Θ+−
−+Θ=
R
gee
d
R
e
e
R
d
e
eegd
tlm
SS
tlm
tlm
SSS
SSS
kin λ
ρπλ
λαρ
παρπμ
12123196
10
12123
41431
2
1
6
1
223
21231
15
1
0
2
0
 
(14) 
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Solid bulk viscosity, Lun et al. [19]  Collisional dissipation of energy, Lun et al.[19] 
( ) πραλ
Θ+= egd psss 13
4
0 ( ) (15) 2/3022112 Θ−= παργ p sss d
ge  (16) 
Conductivity of granular energy, Hrenya and Sinclair [22] 
( )
⎥⎥
⎥⎥
⎦
⎤
⎢⎢
⎢⎢
⎣
⎡
+⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
−+
⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎝
⎛
+
+
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2
0 25
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345121
5
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1
1
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25
gg
g
R
d
s
s
s
mfp
ps
s ηαπη
αηηαηλ
πρκ
   Where          ( )e+= 1
2
1η  
(17) 
Conductivity of granular energy, Syamlal [21] Radial distribution function, Sinclair and Jackson [23] 
( ) ( ) ( ) ⎥⎦
⎤⎢⎣
⎡ −+−+−
Θ= 002 334115
1634
5
121
33414
15
gg
d
ss
sss
s ηαππαηηη
παρκ
131
max,
0 1
−
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
S
Sg α
α
 
(18)  (19) 
Frictional viscosity, Shaeffer [24]  Frictional pressure, Johnson et al. [25] 
 
(20) 
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2222
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∂
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u
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u
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ssp
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fri
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forFrp
αα
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(21) 
Gas Solid Drag coefficient, Syamlal et al. [21]  Terminal velocity, Garside and Dibouni [26] 
[
( )
Sg
pr
gSS
p
r vv
dV
V rr −−⎟⎟⎠
⎞
⎜⎜⎝
⎛ += 2
2
1
Re
8,463,0
4
3 ρααβ  (22) 
( ) ( ) ] 22 2Re12,0Re06,0Re06,0
2
1 aabaV ppr +−++−=
( ) 14,41 Sa α−=Where:    
( )
( )⎩⎨
⎧
<−
≥−=
15,01
15,018,0
65,2
28,1
SS
SS
for
forb αα
αα  
(23) 
Lift force, Drew and Lahey [27]  Turbulent gas stress tensor 
( ) ( )( ) ( )gsgsglift vvvF rrrr ×∇×−−= αρ5.0  (24) IUkUU ggtggggTgggtgg rrr ⋅∇+−∇+∇=″ ,, 32 μρραματ
 
(25) 
Turbulent gas viscosity  Turbulence kinetic energy equation 
( ) ( )
g
g
gt
k
C ερμ μ
2
=  (26) 
ggggkg
g
k
gt
gggggggg
G
kkUk
t
εραα
σ
μαραρα
−+
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∇⋅∇=⋅∇+∂
∂
,
,r
 
(27) 
Turbulent dissipation energy equation  Production of turbulent kinetic energy 
( ) ( )
( )gggk
g
g
g
g
k
gt
gggggggg
CGC
k
U
t
ερεα
εσ
μαεραερα
εε 2,1
,
−+
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ∇⋅∇=⋅∇+∂
∂ r 2
,, SG gtgk μ=
 
(28) 
 
where     ( )( )  (29) 2
2
1
2
1 ⎟⎠
⎞⎜⎝
⎛ ∇+∇= Tgg vvS
The rapid granular flow regime is properly described by 
the GKT, however when the solid volume fraction is very high 
(quasi-static flow regime) the GKT underestimates the solid 
viscosity. In fact, the granular temperature is very low as the 
result of the high solids packing and weak velocity 
fluctuations; therefore, this situation can be considered like a 
fluid-solid phase change. This new regime is characterized by 
long-lasting contacts between particles. Johnson and Jackson 
[28] and Johnson et al. [25] modeled a granular flow following 
the work of Lun et al. [19], but added the Coulomb friction 
stress to the solid-phase stress in the momentum equation for 
quantifying this phenomenon. However, we use the frictional 
stress Eq. (20) described by [21], originally proposed by 
Shaeffer [24], instead of the Coulomb equation. Johnson et al. 
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[25] proposed the functional form of the semi-empirical 
equation for the frictional pressure Eq. (21) as a function of the 
solid volume fraction and maximum and minimum solids 
packing. The value of the constants (Fr, n and p) used in this 
equation originates from Ocone et al. [29] due to the similarity 
existing between the particle properties (diameter and density) 
used in their work and the properties of desert sand. A classical 
k-ε model for turbulence is used as a closure relation for the 
gas phase, Eqs. (25-29).  
 
Figure 1 Geometry and boundary conditions for the 
simulation. 
GEOMETRY, GRID, BOUNDARY CONDITIONS AND 
INITIAL CONDITIONS 
The geometry chosen for the simulation matches the 
experimental setup and results obtained by Liu and Dong [2], 
which were made in a saltation wind tunnel with a total length 
of 37.78m and a working cross-section of 0.8m x 1m. A two-
dimensional channel with dimensions Lx x Ly was used for 
representing the computational domain. The vertical dimension 
Ly was chosen following two criteria: (a) it should be greater 
than the experimentally reported boundary layer thickness 
inside the tunnel; and (b) higher than the height for which the 
sand mass flux over the bed is almost zero at the maximum test 
velocity. Thus, based on the previous considerations, Ly was 
taken equal to 0.6m, while Lx has a value of 1m. 
Gambit v2.2.30 was used as the geometry and grid 
generator, with a uniform mesh in the x-direction and non-
uniform mesh in the y-direction. A finer mesh was placed in the 
vertical direction near to the sand bed, where larger gradients 
are expected. Meanwhile, a coarser mesh was chosen for the 
top wall, where a small gradient is expected. The mesh contains 
24,000 cells, depicting an aspect ratio with respect to the 
particle diameter in an approximate range between 5-60.  
Although the chosen benchmark experiments have several 
free stream velocities, we have taken into consideration the 
highest reported value of U∞=18 ms-1 due to good behavior 
found in the experimental curves of sand concentration and 
sand mass flux. Equation (30) shows the logarithmical air 
profile used in the simulation inlet boundary velocity, which 
was fitted based on air-wind profile data, without sand 
transport, presented by Liu and Dong [2]. The logarithmical air 
profile begins just over the sand bed and finishes in the limit of 
the boundary layer.  Below the boundary layer the air velocity 
is zero, and above is equal to U∞. The origin of the coordinate 
system is located on the bottom left corner. 
⎪⎩
⎪⎨
⎧
+≥
+<
<≤
=
BLy
BLy
y
yU
yyba
y
δδ
δδδδ
δ
))(ln(
00
) ≤−
∞
yyg yU (
 (30) 
For the outlet boundary condition, a gauge pressure equal 
to zero was specified. Even though the top wall in the saltation 
tunnel is located 1.0 m from the bottom, the top boundary 
condition for the numerical simulation is set at 0.6m in order to 
reduce the number of cells and the simulation time.  Hence, a 
free slip (irrotational flow) condition for both phases is set at 
0.6m (instead of a no-slip boundary condition). A non-slip 
condition on the bottom wall for both phases was used. A 
criterion based on the hydraulic diameter and turbulence 
intensity was applied for the turbulent boundary conditions at 
the inlet and backflow outlet, with values of 0.6 m and 0.05%, 
respectively. 
 
 
Figure 2 Mesh samples used in the simulation: a) Top 
left corner, b) Bottom left corner, c) Whole view. 
Transient simulations are strongly dependent on the initial 
condition, especially in this case where a quasi-steady state in 
the saltation layer must be achieved in a reasonable interval of 
time (t1, see Fig. 3) in order to match experimental data. The 
experimental procedure used in the wind saltation tunnel 
indicates that the air flow over the sand bed is fully developed 
before the initiation of the drag on the particles by the air. This 
condition was obtained in experiments by covering the sand 
bed with a geo-textile fabric and then quickly uncovering the 
bed after the airflow was already fully developed. An 
equivalent procedure was implemented in ANSYS-Fluent in 
order to mimic these conditions, i.e., the sand bed remained at 
rest, while the air flow was fully developed. This condition was 
obtained by temporarily not solving the equations of granular 
temperature, volume fraction, and, furthermore, by deactivation 
of the drag and lift forces. Fully developed air flow was 
obtained in a real time of only 0.08 seconds with a time step of 
1.10-3 seconds.  An initial sand bed with a thickness of 10mm 
a) 
b) c) 
Bottom wall: No slip 
Pressure 
Top wall: Free slip 
AIR 
SAND AT REST 
Inlet Velocity 
Lx 
δy 
y 
x 
Ly 
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geometry, which is equivalent to a weight of 16.43 kg m-3. 
 
Table 2 Parameters used in the simulation. 
RESULTS AND DISCUSSION 
Unquestionably, the saltation layer represents a complex 
problem where the time dependence, small-scale variables (e.g. 
concentration profiles, mass flux profiles, etc.), and large-scale 
variables (mass total and mass flux evolution time) are closely 
interrelated. The strategy followed in our case consisted of 
obtaining a temporal condition along with a large-scale 
condition that allowed us to compare the small-scale variables 
with experimental results. Due to the simulation configuration, 
there is always a sand mass loss in the domain from the 
beginning of the simulation until the moment the sand is 
depleted; therefore, there exists only a short period of time (t3-
t2) where a match with experimental data can be made. This 
condition is called a quasi-steady state, which is shown 
schematically in Fig. 3, based on the dimensionless total mass 
and the dimensionless mass flux. From t=0s to t=t1 the erosion 
begins over the sand bed; after t=t1 is reached, the saturation in 
the saltation layer and the mass flux is kept constant until t=t2. 
The last part of the process occurs between t=t2 and t=t3; in this 
period of time, the mass flux is reduced to zero. The previously 
described process also occurs in the experimental tests and the 
characteristic times are mainly a function of the strength of the 
air-stream.  The simulation total time was around of 48 hours 
for 4 seconds of real time.  
 
 
1
Figure 3 Schematic of the temporal evolution of 
dimensionless mass flux and dimensionless total 
mass in the simulation 
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Figure 4 Comparison of temporal evolution of 
dimensionless total mass from different frictional 
pressure models. Solid Viscosity and conductivity by 
Syamlal et al. [21]. 
 
Table 3 Parameters of the curves 1, 2, 3, 4 and 5.  
Curve Solid viscosity Solid conductivity Lift 
1 H and S [22], λmfp=20 Syamlal et al. [21] No 
2 H and S [22], λmfp=5 Syamlal et al. [21] No 
3 H and S [22], λmfp=5 Syamlal et al. [21] Yes 
4 H and S [22], λmfp=5 H and S [22], λmfp=5 Yes 
5 Syamlal et al. [21] Syamlal et al. [21] No 
ds Particle diameter (sand) 180 μm 
ρs Particle density (sand) 2650  kg/m3 
ρg Gas density (air) 1.225 kg/m3 
μg Gas viscosity (air) 1.7894.10-5 Pa s 
αs,max Maximum solid volume fraction 0.63 
αs,min Friction Packing Limit (FPL) 0.5-0.56-0.62 
e Particle coefficient of restitution  0.9 
Fr Parameter Eq. (21). by [29] 0.05 N/m2 
n Parameter Eq. (21). by [29] 2 
p Parameter Eq. (21). by [29] 3 
R Characteristic length scale 0.4 m 
φ Angle of internal friction 30 
U∞ Free stream velocity 18 m/s 
a Parameter Eq. 30 2.2452 m/s 
b Parameter Eq. 30 30303 
δBL Boundary layer thickness 0.12 m 
δy Initial thickness of sand at rest 0.01 m 
δsal Saltation layer thickness 0.4 m 
R Characteristic length scale 0.4 m 
Cμ Parameter Eq. (26) 0.09 
σk Parameter Eq. (27) 1.0 
C1ε Parameter Eq. (28) 1.44 
C2ε Parameter Eq. (28) 1.92 
σε Parameter Eq. (28)  1.3 
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1
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Figure 5 Comparison of temporal evolution of 
dimensionless total mass from different viscosity 
models. All curves use a frictional pressure by Ocone 
et al. [29] FPL=0.5. 
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Figure 6 Temporal evolution of dimensionless mass 
flux at the outlet. All curves use a frictional pressure 
model based on Ocone et al. [29] FPL=0.5. 
Temporal evolution of total mass and mass flux  
The saturation mass flux used to do the dimensionless 
curves associated with the figure 6 was of 0.744 kg s-1[2]. 
Figure 4 shows the sensitivity of the sand bed to the erosion 
according to the chosen frictional pressure model. The GKT 
model uses the kinetic/collisional pressure Eq. (10) in the 
calculation of the frictional viscosity Eq. (20). This model led 
to nearly 50% sand bed erosion in 2 seconds, unlike results 
based on the frictional pressure model [29] for which the sand 
bed is hardened due to the high solid pressure added in the 
solid momentum and granular temperature equations; therefore, 
the loss of sand mass is smaller in the latter case.  We can also 
see that the variation in the FPL for the model of Ocone et al. 
[29] produces only changes during the initial period of erosion, 
but the slope for both curves is the same.  
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Figure 7 Comparison of the solid volume fraction 
above the sand bed with experimental data. 
 
The curve 5 in Fig. 5 shows a larger erosion, which 
corresponds with the Syamlal et al. [21] model for solid 
viscosity and conductivity, while the curves based in Hrenya 
and Sinclair [22] for the solid viscosity and conductivity reduce 
the erosion to between 15%-20% at 4 seconds. The Liu and 
Dong data [2] show 18.12% erosion during a period of 4 
seconds after total saturation in the transport layer. Previous 
results indicate that is possible to adjust the model [22] through 
an appropriate selection of the mean free path to control the 
erosion. The dimensionless mass flux at the outlet shows 
sensitivity to the chosen model and parameters, however we 
can estimate the time t1 to be around 2 seconds.  The curve 4 in 
Figure 6 presents the smallest erosion over the sand bed with a 
dimensionless mass flux around 1.4.  The lift force effect is 
depicted in the simulation results, in curves 3 and 4 in Fig. 6, 
where the dimensionless mass flux fluctuations are mitigated in 
comparison with results obtained without considering the lift 
force (high oscillation).     
Solid volume fraction profiles 
The profile of sand concentration within the saltation layer 
presented in Fig. 7, shows a comparison between the 
simulation results and experimental data. Liu and Dong [2] data 
show an exponential decrease of the solids concentration with 
height over the sand bed, unlike the numerical results, where 
the transition from the maximum concentration within the sand 
bed toward zero concentration, outside the saltation layer, 
happens in a very short vertical length, compared with the 
saltation layer thickness for this case (0.40 m).  The increase of 
solid viscosity with the reduction of the mean free path in the 
Hrenya and Sinclair [19] model improves the predictions of the 
concentration profile causing more particles to scatter above 
the sand bed. In Fig. 8, ,a 0.007 m sand bed thickness is 
obtained after 4 seconds, using a criterion of 0.5 for the solid 
volume fraction. 
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Figure 8 Solid volume fraction within the sand bed. 
 
Figure 9 Contour of solid volume fraction at 4 
seconds with the setup associated to the curve 4. 
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Figure 10 Comparison of solid volume fraction above 
the sand bed with other numerical results.  Height of 
sand bed: 0.007m. 
Dong et al. [30] gave evidence of the accumulative effect 
of the mass flux and, consequently, the distribution of sand 
particles in the saltation state within a wind tunnel. They 
demonstrated that the mass flux in the saltation layer increases 
with distance until it reaches a total saturation, after which, the 
concentration of particles and mass flux remains constant.  This 
behavior can be seen qualitatively in Fig. 9, where the 
concentration of sand increases over the sand bed along the x-
direction. 
Figure 10 presents a comparison between our simulations 
and the concentration profile reported by Pasini and Jenkins 
[1].  The two curves display a similar behavior with different 
values for the Shield parameter Eq. (31), a dimensionless 
measure of the wind velocity strength. 
 
 
(31) 
S
g
S dg
u
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
=
1
2
*
ρ
ρθ
Velocities 
A large slip velocity exists between the sand and gas 
phases (Fig. 11), although the modification in the granular 
conductivity associated with curve 4 yields less slip in 
comparison with curve 3.  Figure 12 presents a distribution of 
the sand x-velocity above the sand bed, with a zero velocity for 
the sand phase at the top of the sand bed and at the edge of the 
saltation layer. Also, the sand particles accelerate toward the 
outlet, where the particle velocity approaches 5 ms-1.  
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Figure 11 Velocity profiles at the outlet at 4 second 
Mass flux profiles 
Figure 13 shows the mass flux profiles at the outlet, 
presenting a similar behavior to that shown by the 
concentration profiles. The mass flux occurs in a thin layer 
close to the sand bed, over a thickness of approximately. 
0.013m for curve 1, through 0.033m for curve 4. On the scale 
of Fig. 13, the dimensionless mass flux of Liu and Dong 
appears like a vertical line with approximately zero 
dimensionless mass flux, once again indicating that the sand 
particles in the simulation need to spread away from the sand 
bed in order to reduce the mass flux near the bed. Curve 4 in 
Fig. 13 gives the best prediction, which is associated directly 
with the increase of granular temperature conductivity within 
the sediment transport layer. 
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Fig. 14 shows a similar comparison of mass flux prediction 
between the present work and that of Pasini and Jenkins [1].  
However, the prediction of [1] shows a more uniform mass flux 
distribution over the height. This is due to the turbulent 
suspension added by [1] in the y-momentum equation.  In the 
present work, the mechanism for suspension is uniquely due to 
the solid pressure gradient, which is closely related to the 
variation of the granular temperature. 
 
 
Figure 12 Contour of sand x-velocity at 4 seconds 
with the setup associated to the curve 4. 
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Figure 13 Comparison of dimensionless mass flux in 
the sediment transport layer with experimental data. 
CONCLUSIONS 
From this numerical study, several conclusions may be 
drawn: 
1. The work of Pasini and Jenkins [1] on the Aeolian 
transport using GKT is extended, considering slightly 
inelastic particle-particle collisions and incorporating an 
improved two-dimensional transient model with a 
frictional sub-model to describe the sustained contacts 
between particles. 
2. The simulation well described the solid-like characteristic 
of the sand bed, a sand transport layer over the sand bed 
and an air free flow outside the saltation zone. This results 
show the ability of our model to describe in future 
simulations the interaction between the saltation layer and 
the sand bed with obstacles, and moreover, to obtain the 
sand and air flow patterns around obstacles, including 
details about deposition and erosion. 
3. Large-scale results overpredict the erosion as indicated by 
mass fluxes over 40%. 
4. Small-scale results show a sediment transport layer that is 
very thin in comparison with the experimental data. 
5. Based on these results, we can affirm that the GKT 
provides a relatively good description of the saltation layer 
given the modification of the solid viscosity (due to the 
kinetic contribution) and conductivity which greatly 
influence the mass flux, velocities and concentration. 
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Figure 14 Comparison of dimensionless mass flux 
above sand bed with numerical results by others. 
Height of sand bed: 0.007m. 
FUTURE WORK 
The Aeolian sediment transport is influences by many 
variables and, therefore, it is necessary to perform studies 
where the influences of many parameters are considered. The 
model proposed in this work allowed us to analyze the 
influence of the following parameters on the phenomenon: free 
stream velocity, slope of the sand bed, particle diameter and 
sand density. Also, we plan to extend the length of the 
computational domain in the x-direction in order to analyze the 
effects of particle accumulation on the mass flux and 
concentration; this could lead to better comparisons of 
simulated results with experimental data. 
In addition, a more indepth study of the effects caused by 
the granular pressure and temperature on the particle 
suspension should be conducted. It is expected that 
modifications in the granular temperature equation could 
improve the distribution of sand particles over the sand bed, 
based on consideration of the dissipation of granular energy 
and granular conduction. 
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Finally, including obstacles like cylinders, flat surfaces and 
aerodynamic profiles may enrich this study by evaluating their 
interaction with the sediment transport layer. 
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